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INTRODUCTION:

Specific capture and detection of PrP*¢ s critically important for prion diagnosis and
prophylaxis. The purpose of our research is to characterize novel antibodies and
reagents for disease-associated PrP. Specifically, the research will mainly focus on a
novel antibody OCD4 for PrP¢ detection. For year 1, our task is to characterize the
specificity and selectivity of OCD4 including a) evaluation of the ability of OCD4 mAb in
recognizing PrP from brains of all subtypes of human and animal prion diseases, and b)
evaluation of the selectivity of OCD4 mAb by analyzing not only cases of healthy
individuals but also cases of other non-prion neurologic disorders such as Alzheimer's
disease. In addition, we also accomplished partial objective of Task 2 that is to
characterize the epitope of the OCD4 monoclonal antibody (year 2).

BODY:

This research progress summarizes the work accomplished during year 1. There is only one
task for year 1 (Task 1) in the approved Statement of Work. The Task 1 is to characterize
the specificity and selectivity of OCD4. We have accomplished this task promptly. In
addition, we have continued our research into some areas of Task 2. Our main research
findings have been published recently (Zou W, Zheng J, Gray D, Gambetti P, Chen SG.
Antibody to DNA detects scrapie but not normal prion protein. Proc. Natl. Acad. Sci. USA
101:1380-1385, 2004). A reprint of this research article is attached in APPENDICES. The
following is the description of the research findings/accomplishments associated with the
Task 1 and part of the Task 2 in the approved Statement of Work.

L

Part 1: Research on Task 1

OCD4 specifically captures PrP® but not PrP°. We performed the immunocapture
assay of PrP using the anti-DNA antibody-conjugated magnetic beads, followed by
immunoblotting with an anti-PrP antibody. Immunocapture by the mAb to DNA OCD4
yielded abundant PrP from brain homogenates of CJD subjects, while no PrP was
recovered from control brains free of neurological disease as well as brains with other
neurodegenerative diseases such as Alzheimer’s disease (Fig. 1A and data not shown).
None of the other mAbs recognizing PrP sequences demonstrated such high specificity.
Under the same experimental conditions, two of these antibodies to PrP widely used in
current research on prion diseases, mAbs 3F4 and 6H4, immunocaptured PrP from
both diseased and normal brains. 3F4 and 6H4 actually showed higher affinity for PrP°®
than for the PrP associated with CJD brains (Fig. 1A). To exclude the possibility that

A
NS S P
P & PP Figure 1. Immunocapture of disease-associated PrP by anti-
35— x‘ ] DNA mAb OCD4. (A} PrP captured from brain homogenates
29— g W oy (BH) by various mAbs. Ten pl of 10% (w/v) BH from a subject
o e with sporadic CJD or a non-CJD contro! was incubated in 1ml
21~ § of lysis buffer for 3 h at room temperature with OCD4, 3F4,
SR and 6H4 that were conjugated to magnetic beads (23). After
OCD4  3F4  6H4 washing with a solution of 2% Tween-20 and 2% NP-40 in
PBS, the samples recovered by the antibody conjugated
beads were subjected to SDS-PAGE. PrP was detected by
immunoblotting with 3F4. (B) immunocapture of PrP from a
subject with sCJD by anti-tubulin antibody and OCD4.
Experimental procedures were the same as described in (A).
Molecular weight markers (in kDa) are indicated on the left.




binding of PrPS¢ to OCD4-conjugated beads is non-specific, we conjugated an antibody
against tubulin to the beads and assayed for PrP in CJD brain homogenate following
immunocapture. No PrP was captured by this irrelevant antibody whereas abundant
amounts of PrP were recovered by OCD4 from the same preparation (Fig. 1B).

OCD4 immunoreacts with DNA and OCD4 detection of PrP is competed by input DNA.
To determine whether DNA is indeed the antigen recognized by OCD4, we performed
the DNA dot blot assay. We found that OCD4 immunoreacts with purified DNA
preparations and that the reaction is sensitive to nuclease (Fig. 2A). We also pre-
absorbed the OCD4-conjugated beads with purified DNA before performing the
immunocapture assay. Alternatively, we treated the brain homogenates with nuclease
(Benzonase) followed by immunocapture with OCD4. No PrP was immunocaptured by
OCD4 in the presence of the added DNA. However, pretreatment of the homogenate
with nuclease had no effect on PrP immunocapture by OCD4, even although in a
control experiment, the amount of nuclease used was sufficient to digest the DNA
added to the preparation (Fig. 2B and 2C). Taken together, these findings argue that the
OCD4 antigen is DNA, or a DNA-related molecule that is part of a molecular complex
with disease-associated PrP®°. The ineffectiveness of the nuclease digestion suggests
that the DNA present in the DNA- PrPS¢ complex may be protected from, or inaccessible
to, nuclease digestion while maintaining the capacity to bind OCD4. Nucleic acid
specifically isolated from CJD brain has been shown by others to resist nuclease
treatment. Furthermore, we also observed that disease-associated PrP®¢ could be
specifically isolated with other mAbs raised with different DNA preparations (data not
shown). Alternatively, OCD4 and other mAbs to DNA as well, might recognize a
conformation shared by PrP®® and DNA.

A
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Figure 2. Immunoreactivity of OCD4 toward DNA as well as
b effect of DNA and nuclease on PrP capture by OCD4. (A) Dot
- + Nucl.  blot of DNA probed with OCD4. Right panel. Dot biot
containing indicated amounts of purified saimon DNA was
incubated with HRP-conjugated OCD4. Left panel: Salmon
sperm DNA was treated with or without nuclease (Nucl.,
benzonase) at 20 U/ml at 37°C for 1 h prior to dot blot with
HRP-conjugated OCD4. Immunoreactivity was visualized by
enhanced chemiluminescence. (B) immunocapture of PrP by
OCD4 following incubation with nuclease and salmon DNA,
Scrapie-infected hamster BH (2 !l each) was either untreated
(control) or treated with benzonase (nuclease) at 100 U/ml,
followed by incubation with OCD4 conjugated beads. In a
separate sample, purified saimon DNA (5 ug/m!) was pre-
incubated with the OCD4-conjugated beads at 37 °C for 1 h
prior to the immunocapture assay (DNA). PrP was detected
by immunoblotting with 3F4. Molecular size is indicated on
the left (in kDa). (C) Enzymatic digestion of DNA by nuclease.
Salmon DNA (5 pg/ml) was treated with benzonase at 20
U/ml or 2 U/ml at 37°C for 1 h, or left untreated. The samples
were subjected to 1.0% agarose gel electrophoresis, with a 1
kb DNA ladder (Sigma) run in parallel as DNA size standard.

DNA size standard

Nuclease (U) 0 20 2

The DNA binding protein g5p also captures PrP* in a DNA-dependent manner. The
DNA binding protein, g5p, encoded by the filamentous bacteriophage Ff and purified
from E. coli., was conjugated to magnetic beads. The g5p-conjugated beads were then




incubated with brain homogenates from vCJD, sCJD or normal controls. Like OCD4,
g5p precipitated PrP from vCJD and sCJD brains but not from normal control brains
(Fig. 3A). Moreover, the amount of the PrP captured by both g5p and OCD4 decreased
in a concentration-dependent manner following the addition of DNA (Fig. 3B), further
arguing that the capture of PrP by OCD4 and g5p is mediated by, or can be competed
with, nucleic acid.

Figure 3. Capture of PrP from sCJD, vCJD, and normal
control brains by g5p. (A) BH from subjects affected by
) vCJD and sCJD and from a control subject was
B gsp OCD4  g5p incubated with g5p- or OCD4-conjugated beads,
followed by immunoblotting with 3F4. (B) The g5p- or

35 OCD4-conjugated beads were pre-incubated with
indicated amounts of salmon DNA, followed by
29~ incubation with BH of sCJD and immunoblotting with
21- |8
DNA(Dg) 0 1 2 0 1 2
OCD4 g5p

OCD4 captured PrP* is PK-resistant and OCD4 detects PrP> of different prion strains
in both humans and animals. A major portion of the PrP captured by OCD4 is resistant
to PK digestion, the biochemical hallmark of PrP% (Fig. 4A). Furthermore, while the
currently available mAbs to PrP are species-sensitive because their specificity is
derived from a particular PrP sequence, OCD4 captured all disease-associated PrP®° of
different prion strains, which were obtained from various forms of human prion
diseases, including sporadic and familial CJD, GSS, and vCJD, as well as naturally
occurring and experimentally transmitted animal diseases (Fig. 4A and 4B). These

A Figure 4. OCD4 captures disease-associated PrP*
from various prion-infected human and animal brains.
(A) Immunocapture of PrP by OCD4 from various
human prion diseases. BH (10 pl each) from subjects
affected by sporadic CJD (sCJD) associated with PrPS°
type 1 or PrP* type 2 (28, 29), familial CJD linked to the
E200K mutation (fCJD), and vCJD, as well as from a

PK T Toe eI CTo NeneTd non-CJD control, was incubated with OCD4-conjugated
prpSc 4 prpSc 2 beads. The bound materials were either untreated (PK-)
& > or treated with PK (PK+) at 50 pg/ml at 37°C for 1 h. PrP
& & was detected by immunoblotting with 3F4. (B)
B . LK Immunocapture of PrP by OCD4 from various animal

\s°\ species. BH (2 pl each) from normal animals and those
§ affected by BSE (cattle), scrapie (sheep), and CWD
(elk), as well as experimental scrapie adapted in
hamster (263K prion strain) and mouse (ME7 prion
strain), was subjected to immunocapture by OCD4 as
described in A. Captured PrP was detected by
immiinohinttina with AH4

éoViﬁe S;leep Deer HamsterMéuse
findings further argue that under non-denaturing conditions OCD4 captures disease-
associated PrPS, but not PrPC. Furthermore, OCD4 must immunoreact with an antigen




that is bound to, but distinct from, PrP since the OCD4 capture of PrP is independent of
PrP amino acid sequence.

Part 1: Research on Task 2

OCD4 captures all PK-resistant PrP fragments associated with various human prion
diseases. To gain insight into the PrP bound to the putative DNA-containing complex,
we took advantage of the different size of the PK-resistant PrP*° core fragments present
in various prion diseases. Immunocapture of PrP by OCD4 was not affected by pre-
treatment of homogenates from diseased brains with PK (Fig. 5A-C). Furthermore, all
major PK-resistant fragments of PrPS¢ were recovered, including the 21 and19 kDa core
fragment in CJD (PrP>° type 1 and 2) (Fig. 5A) spanning residues 82/97 to 231 (28, 29),
which accounts for nearly two thirds of the 23-231 PrP molecule; an internal 7-8 kDa
fragment in GSS (Fig. 5C) including residues 74/90 t0146/153, and the C-terminal 12-13
kDa fragment in CJD (Fig. 5B) extending from residues 154/162 to 231. The co-capture
by OCD4 of all major PrPS¢fragments generated by PK-treatment regardless of size
argues that most (if not all) of the PK-resistant region of PrPS° is stably bound to the
DNA containing complex and remains with the complex after PK-treatment. It also
further supports the contention that OCD4 is unlikely to react directly with PrP in the
complex since the 7-8 kDa internal fragment and the 12-13 kDa C-terminal fragment
share no consensus in sequence yet they are both efficiently captured by OCD4.

Figure 5. Immunocapture of various PK-resistant PrP
fragments by OCD4. BH from subjects affected by sgoradic
CJD associated with codon 129 MM and type 2 PrP*° (sCJD
MM2, A), familial CJD with the E200K mutation (fCJD E200K,
B), and GSS with the P102L mutation (GSS P102L, C) was
treated with or without PK at 50 pg/ml 37°C for 1 h. PrP was
captured by the OCD4-conjugated beads and was then
detected by immunoblotting with either 3F4 recognizing PrP
residues 109-112 (A, C), or the anti-C antibody against
human PrP residues 220-231 (B). Three groups of PK-

PK ’ - + . : resistant PrP fragments were efficiently captured by OCD4
———men —— —_—— (with their position on the blots indicated), including the ~19
sCJD fCJD GSS kDa PrP core fragment spanning residues 97/103 to 231
(MM2) (E200K) (P102L) (bracket,)), the internal 7/8 kDa fragment spanning residues

74/90 to 146/153 (dagger, 1) and the C-terminal 12/13 kDa
fraament spannina residues 154/162 to 231 (asterisk. *).

The immunocapture of PrP® by OCD4 is conformation-dependent. Since the
protease-resistance and other physicochemical features of PrPS° are thought to be
dependent on protein conformation, distinct conformers of PrPS¢ have been
characterized based on the extent of the loss in protease-resistance as a function of
increased exposure to denaturants. We applied such a conformation-dependent
immunoassay to compare the conformational characteristics of the PrP captured by
OCD4 with those of native PrPS° present in the homogenate from the same CJD brain.
The decrease of PK-resistance with rising concentrations of guanidine hydrochloride
(GdnHCI) took place at a comparable rate for native PrP%¢ and OCD4 captured PrP
(Fig. 6A and 6B), suggesting that PK-resistant forms of native PrPS¢ and OCD4
captured PrP have comparable conformational properties. We then examined the
affinity of OCD4 for PrP as a function of GdnHCI treatment. Decreasing amounts of PrP
were recovered by immunocapture with OCD4 following protein denaturation by
increasing concentrations of GdnHCI (Fig. 6C), arguing that the affinity of OCD4 for PrP




is also conformation-dependent. Furthermore, by comparing panel B and C of Figure 6,
it is obvious that the total PrP captured by OCD4 exceeds that in the PK-resistant
fraction. Densitometry showed that over 20% of PrP was still detectable following
treatment with 2.4 M GdnHClI that renders virtually all PrPS¢ sensitive to PK (Fig. 6C),
suggesting that at least 20% of PrP recovered by OCD4 is PK-sensitive. Therefore, PrP
captured by OCD4 comprises both PK-resistant and PK-sensitive PrP species as has
been reported for PrPS° following a conformation-dependent assay and other analyses.
Taken together, the similarity in gel migration pattern and in the conformation
dependence of the PK-resistance, as well as the presence of both PK-sensitive and PK-
resistant components, argue that PrP captured by OCD4 and native PrPS° are the same.

GdnHCI(M) 0 0.3 06091.2151.821 24 2.7 3.0

351 Figure 6. Conformation-dependent immunocapture of
disease-associated PrP by OCDA4. (A) PK-resistance
A 2 of PrP® as a function of GdnHCI concentrations. BH
(+PK) from CJD was treated with various concentrations of
e g GdnHCI. The GdnHCI treated samples were digested
21 ; with 50 pg/mi PK for 1 h at 37 °C (PK+), followed by
e . : immunoblotting with 3F4. (B) PK-resistance of PrP
35 : e ‘ captured by OCD4 as a function of GdnHCI
s concentrations. The GdnHCI treated BH of CJD was
B 26 - o subjected to immunoprecipitation with OCD4, followed
(IP/+PK) by digestion with PK (IP/+PK). PrP was then detected
‘ " o by immunoblotting with 3F4. (C) Capture of PrP by
VA B e ; sty ; OCD4 as a function of GdnHCI concentrations. The
: - - GdnHCI treated BH of CJD was subjected to
35 : immunoprecipitation with OCD4 without the PK-
c treatment (IP/-PK). PrP was detected by
29 immunoblotting with 3F4. (D) Comparison of GdnHCI
(IP/-PK) dependent loss of PrP in BH of CJD following PK
21 digestion (solid circle), immunoprecipitation with

OCD#4 followed by PK digestion (empty circle), and
immunoprecipitation with OCD4 without PK digestion

14 (solid square). Intensity of PrP bands on immunoblots
Q. was quantified by densitometry, and the ratio of PrP in
Qs the GdnHCl-treated and untreated samples was
B plotted as a function of GdnHCI concentrations.
© 0.6 Similar results were obtained in two additional
D g" experiments.
c
% 0.41]
Q
5§ 0.2
-
0 5 .

0 03 06 09 1.2 1.5 18 2.1 2.4 27 3
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KEY RESEARCH ACCOMPLISHMENTS:

e We have demonstrated that OCD4 specifically captures rated that PrPS° but not
PrPC® (Task 1a).

e We have demonstrated that OCD4 detects PrP%° of different prion strains in both
humans and animals (Task 1a)..

e We have demonstrated that OCD4 recognition of PrPS¢ is selective since negative
results are obtained in Alzheimer’s disease (Task 1b).

e We have shown that OCD4 recognizes disease—associated DNA-PrPS® complexes
(Task 2a).

e We have demonstrated that the ability of OCD4 in capturing PrPS¢ is conformation-
dependent (Task 2b).




REPORTABLE OUTCOMES:

Publication in peer-reviewed journal:

Zou W, Zheng J, Gray D, Gambetti P, Chen SG. Antibody to DNA detects scrapie but not
normal prion protein. Proc. Natl. Acad. Sci. USA 101:1380-1385, 2004.

Abstracts and Presentations:

Zou W, Zheng Z, Gambetti P, Chen SG. Antibody to DNA detects scrapie but not normal
prion protein. Annual Meeting of Society for Neuroscience, New Orleans, LA, 2003.

Takemura K, Wang P, Chen SG, Kanthasamy A, Sreevatsan S. PrP-binding characteristics
of aptamers derived from DNA sequences that were co-purified with PrPSc-specific anti-
nuclear monoclonal antibody. Animal Prion Diseases and The Americas, Ames, lowa, Oct.
14-16, 2004.

Hatcher K, Zheng J, Chen SG. Cryptic peptides of the Kringle domains preferentially bind to
disease-associated prion protein. Annual Meeting of Society for Neuroscience. Oct. 22-28,
2004.

Xie Z, Ma L, Zou W, Petersen RB, Wang W, O'Rourke KIl, Jenny AL, Langenberg J, Belay
ED, Schonberger LB, Kong Q, Gambetti P, Chen SG. Comparative analysis of prion protein
in chronic wasting disease and in Creutzfeldt-Jakob disease. Annual Meeting of Society for
Neuroscience. Oct. 22-28, 2004.

CONCLUSIONS:

Our research has demonstrated that OCD4, as well as g5p, a well-established DNA-
binding protein, capture PrP from brains affected by prion diseases in both humans and
animals but not from unaffected controls. OCD4 appears to immunoreact with DNA (or
a DNA-associated molecule) that forms a conformation-dependent complex with PrP in
prion diseases. While PrP immunocaptured by OCD4 is largely protease-resistant, a
fraction of it remains protease-sensitive. Moreover, OCD4 detects disease-associated
PrP over ten times more efficiently than a widely used antibody to PrP. Our finding that
anti-DNA antibodies and g5p specifically target disease-associated DNA-PrP
complexes in a wide variety of species and disease phenotypes opens new avenues in
the study and diagnosis of prion diseases. The above work has been recently published
(Zou et al., 2004).

The mAb OCD4 is remarkable in several respects. First, it captures the abnormal PrP
associated with grion diseases with a high level of specificity and affinity while not
recognizing PrP> at all. Second, it detects both protease-sensitive and protease-
resistant species of prion disease-associated PrP. Third, it suggests for the first time

that both species of abnormal PrP form a complex which includes DNA or DNA-related
molecules. Fourth, since several other antibodies to DNA preparations also capture the
disease-associated PrP and they are easy to produce, OCD4 is likely to be the first of
many novel prion-specific reagents. The knowledge gained from our research on OCD4




may lead to development of new strategies for the study, detection and treatment of
prion diseases.

REFERENCES:

Zou W, Zheng J, Gray D, Gambetti P, Chen SG. Antibody to DNA detects scrapie but not
normal prion protein. Proc. Natl. Acad. Sci. USA 101:1380-1385, 2004.

APPENDICES/MANUSCRIPTS/REPRINTS:
A reprint of our published paper is attached as APPENDIX (Zou W, Zheng J, Gray D,
Gambetti P, Chen SG. Antibody to DNA detects scrapie but not normal prion protein. Proc.
Natl. Acad. Sci. USA 101:1380-1385, 2004).
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Antibody to DNA detects scrapie but not normal

prion protein

Wen-Quan Zou**, Jian Zheng'*, Donald M. Gray?¥, Pierluigi Gambetti*", and Shu G. Chen*7

*Institute of Pathology, Case Western Reserve University and National Prion Disease Pathology Surveillance Center, 2085 Adelbert Road,
Cleveland, OH 44106; *Ortho-Clinical Diagnostics, 1001 U.S. Highway 202, Raritan, NJ 08869; and SDepartment of Molecular and Cell Biology,

University of Texas at Dallas, P.O. Box 830688, Richardson, TX 75083

Communicated by Lynn T. Landmesser, Case Western Reserve University, Cleveland, OH, November 25, 2003 (received for review June 10, 2003)

Prion diseases, a group of fatal neurodegenerative disorders, are
characterized by the presence of the abnormal scrapie isoform of
prion protein (PrP5<) in affected brains. A conformational change is
believed to convert the normal cellular prion protein into PrPse,
Detection of PrP5¢ for diagnosis and prophylaxis is impaired be-
cause available Abs recognizing epitopes on PrP fail to distinguish
between PrP5< and normal cellular prion protein. Here, we report
that an anti-DNA Ab, OCD4, as well as gene 5 protein, a well
established DNA-binding protein, capture PrP from brains affected
by prion diseases in both humans and animals but not from
unaffected controls. OCD4 appears to immunoreact with DNA (or
a DNA-associated molecule) that forms a conformation-dependent
complex with PrP in prion diseases. Whereas PrP immunocaptured
by OCD4 is largely protease-resistant, a fraction of it remains
protease-sensitive. Moreover, OCD4 detects disease-associated PrP
>10 times more efficiently than a widely used Ab to PrP. Our
finding that anti-DNA Abs and gene 5 protein specifically target
disease-associated DNA-PrP complexes in a wide variety of species
and disease phenotypes opens new avenues in the study and
diagnosis of prion diseases.

H uman prion diseases include sporadic and familial forms (1),
such as Creutzfeldt-Jakob disease (CJD) and Gerstmann—
Straussler-Scheinker disecase (GSS), as well as acquired forms
such as variant CJID (vCJID) transmitted through the consump-
tion of contaminated beef (2, 3). Scrapie in sheep and goats,
bovine spongiform encephalopathy (BSE) in cows, and chronic
wasting disease (CWD) in deer and elk are the most common
prion diseases in animals. According to the prevailing prion
hypothesis (4), all forms of prion diseases share a pathogenic
mechanism whereby the host-encoded normal cellular prion
protein (PrPC) is converted into the abnormal scrapie isoform of
prion protein (PrP%) isoform that is insoluble, pathogenic, and
infectious. The PrP¢ to PrPS¢ conversion is believed to take place
posttranslationally and to involve an a-helix to B-sheet structural
transition (5-8). The presence and location of the B-sheet
structure is thought to make PrPSe resistant to proteases and to
result in a variety of PrPS conformers known as prion strains (9).
How this conversion takes place, the precise physicochemical
characteristics of the converted PrPS¢ conformer, and whether
additional molecules, including nucleic acid (10, 11), are also
components of the infectious agent are issues that have never
been fully clarified. The possibility of the spread of prion diseases
in animals and from animals to humans (12, 13) has prompted
the generation of many Abs against PrP sequences as possible
diagnostic reagents. However, most of them recognize both the
PrPC and PrPS¢ isoforms. A previous report of an Ab immuno-
reacting specifically with PrPS¢ has not been confirmed in
subsequent studies (14).

Recent evidence suggests that PrP may form a macromolec-
ular complex with nucleic acid (15). To explore whether nucleic
acid represents a possible target for PrPS¢ detection, we screened
anti-DNA Abs for their ability to capture PrP5¢ from homoge-
nates of disecased brains. Surprisingly, several Abs to DNA
readily identified PrP in the immunocapture assay. Moreover,
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like anti-DNA Abs, Ff gene 5 protein (g5p), a single-stranded
DNA-binding protein is also capable of capturing PrPS¢, OCD4,
a mAD raised against a nuclear DNA preparation from human
lymphoma cells, was selected for detailed analyses.

Materials and Methods

Reagents and Anti-PrP Abs. Magnetic beads (M-280 tosyl-activated
Dynabeads) were from Dynal (Oslo). Salmon testes single-
stranded DNA and proteinase K (PK) were purchased from
Sigma. Nuclease (benzonase) was from Roche Diagnostics
(Indianapolis). Mouse mAb 6H4 from Prionics (Zurich) was
used to recognize the sequence of human PrP residues 144-152
(16). Mouse mAb 3F4 from Signet Laboratories (Dedham, MA)
was used to recognize an epitope within human PrP residues
109-112 (17). The rabbit anti-C antiserum immunoreacted with
human PrP residues 220-231 (18). Horseradish peroxidase-
conjugated Ab was purchased from Amersham Biosciences
(Piscataway, NJ).

Brain Tissues. Human brain tissues were obtained at autopsy from
patients with or without prion diseases and were kept frozen at
—80°C. The diagnosis of various disease phenotypes of sporadic
CID (sCID), familial CJD (fCID), vCJD, and GSS was con-
firmed by standard criteria, including histological examination,
immunohistochemistry, immunoblotting, and DNA typing. An-
imal brain tissues with or without prion disease were confirmed
by immunohistochemistry and immunoblotting as well.

Production of Anti-DNA Ab. Nuclear DNA extracted (19) from Raji
Burkitts lymphoma cells was used as an immunogen to generate
OCD4. The production of mAb was carried out according to a
standard protocol (20). Screening of mAb by enzyme-linked
immunoabsorbent assay was performed by using 96-well plates
coated with calf thymus DNA (Sigma).

Preparation of g5p. The g5p (PDB ID code 1VQB) was isolated
from Escherichia coli transformed with an Ff gene S-containing
plasmid and purified by using DNA cellulose affinity plus
Sephadex G75 sizing columns as described (21, 22). The purity
of g5p was >99% as determined by quantitation of Coomassie
blue-stained bands on SDS-polyacrylamide gels.

Immunocapture Assay. OCD4 (100 ug of purified IgG) was
conjugated to 7 X 108 tosyl-activated superparamagnetic beads
(M-280 Dynabeads, Dynal) in 1 ml of PBS at 37°C for 20 h. The
OCD4-conjugated beads were incubated with 0.1% BSA in PBS

Abbreviations: PrP, prion protein; PrP<, cellular PrP; PrP5¢, scrapie isoform of PrP; CID,
Creutzfeldt-Jakob disease; vCJD, variant CJD; sCID, sporadic CJD; fCID, familial CJD; GSS,
Gerstmann-Striussler-Scheinker disease; IP, immunoprecipitation; BH, brain homogenate;
PK, proteinase K.
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to block nonspecific binding. The prepared OCD4 beads were
stable for at least 3 months at 4°C. Brain homogenate (BH)
(10%, wt/vol) was prepared at 4°C in lysis buffer (100 mM
NaCl/10 mM EDTA/0.5% Nonidet P-40/0.5% sodium deoxy-
cholate/10 mM TrissHCI, pH 7.5) containing a mixture of
protease inhibitors (Roche Applied Science), followed by cen-
trifugation at 3,000 X g for 10 min at 4°C to remove debris.
Immunoprecipitation (IP) was then performed as described (23)
by using the clarified homogenate (10 ul for human and 2 ul for
animal specimens) and OCD4-conjugated beads (10 pg of
mAb/6 X 107 beads) in 1 ml of lysis buffer. After incubation with
constant mixing for 3 h at room temperature, OCD4 beads were
attracted to the side wall of the plastic tubes by external magnetic
force, allowing easy removal of all unbound materials in the
solution. After three washes in wash buffer (2% Tween 20 and
2% Nonidet P-40 in PBS, pH 7.5), OCD4 beads were collected
and were heated at 95°C for 5 min in SDS sample buffer (3%
SDS/2 mM EDTA/10%. glycerol/50 mM Tris'HCl, pH 6.8).

Immunoblotting. Proteins were separated by SDS/PAGE (15%
Tris-glycine precast gel, Bio-Rad), electrotransferred onto a
polyvinylidene difluoride membrane. PrP was detected by im-
munoblotting using the following anti-PrP Abs: 3F4 mAb used
at 1:50,000, 6H4 mAb used at 1:5,000, and anti-C antiserum used
at 1:3,000. For DNA dot blot analysis, purified salmon sperm
DNA (Sigma) was dissolved in distilled and deionized H,0O
(Millipore) and a 1-pl aliquot was dotted onto a nitrocellulose
membrane. The blot was dried at 80°C for 1 h, blocked with 5%
milk that was pretreated with nuclease (benzonase; 20 units/ml
for 1 h at room temperature), followed by incubation with
horseradish peroxidase-conjugated OCD4 (1:2,000 dilution) at
room temperature for 1 h. Immunoreactivity was visualized on
Kodak x-ray film by enhanced chemiluminescence with the ECL
plus kit (Amersham Biosciences).

PK Digestion. Samples were incubated in lysis buffer with PK at
50 pg/ml at 37°C for 1 h. The digestion was terminated by
addition of 5 mM phenylmethylsulfonyl fluoride. The digested
samples were mixed with an equal volume of 2X SDS sam-
ple buffer before SDS/PAGE and immunoblotting with an
anti-PrP Ab.

Conformation-Dependent Immunoassay. The conformation-
dependent stability of PrPS¢ was analyzed by using a modified
procedure based on published methods (24, 25). BH (10%,
wt/vol) from a CJD subject was treated with 0-3 M guanidine
hydrochloride (GdnHCI) in lysis buffer at room temperature for
1 h. GdnHCI was subsequently removed by precipitation with
5-fold volumes of prechilled methanol at —20°C for 2 h, followed
by centrifugation at 16,000 X g for 20 min at 4°C. The pellets were
resuspended in lysis buffer. PrPS¢ in the GdnHCl-treated sam-
ples were evaluated either by PK digestion (50 ug/ml PK for 1 h
at 37°C) or by immunocapture with OCD4, followed by immu-
noblotting with 3F4 as described above.

Results

An Anti-DNA Ab Specifically Captures PrPS¢ but Not PrPt, We per-
formed the immunocapture assay of PrP by using the anti-DNA
Ab-conjugated magnetic beads, followed by immunoblotting
with an anti-PrP Ab. Immunocapture by the mAb to DNA OCD4
yielded abundant PrP from BH of CJD subjects, whereas no PrP
was recovered from control brains free of neurological disease,
as well as brains with other neurodegenerative diseases, such as
Alzheimer’s disease (Fig. 14 and data not shown). None of the
other mAbs recognizing PrP sequences demonstrated such high
specificity. Under the same experimental conditions, two of
these Abs to PrP widely used in current research on prion
diseases, mAbs 3F4 (17) and 6H4 (16), immunocaptured PrP
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OCD4

sCJD

Fig. 1. Immunocapture of disease-associated PrP by anti-DNA mAb OCD4.
(4) PrP captured from BHs by various mAbs. Ten microliters of 10% (wt/vol) BH
from a subject with sporadic CJD or a non-CJD control was incubated in 1 mi
of lysis buffer for 3 h at room temperature with OCD4, 3F4, and 6H4 that were
conjugated to magnetic beads (23). After washing with a solution of 2%
Tween 20 and 2% Nonidet P-40 in PBS, the samples recovered by the Ab-
conjugated beads were subjected to SDS/PAGE. PrP was detected by immu-
noblotting with 3F4. (B) Immunocapture of PrP from a subject with sCJD by
antitubulin Ab and OCD4. Experimental procedures were the same as those
described for A. Molecular mass markers (in kDa) are indicated on the left.

from both diseased and normal brains. The mAbs 3F4 and 6H4
actually showed higher affinity for PrPC than for the PrP
associated with CJD brains (Fig. 14). To exclude the possibility
that binding of PrPS¢ to OCD4-conjugated beads is nonspecific,
we conjugated an Ab against tubulin to the beads and assayed for
PrP in CJD BH after immunocapture. No PrP was captured by
this irrelevant Ab, whereas abundant amounts of PrP were
recovered by OCD4 from the same preparation (Fig. 1B).

0CD4 Immunoreacts with DNA, and 0CD4 Detection of PrP Is Com-
peted by Input DNA. To determine whether DNA is indeed the
antigen recognized by OCD4, we performed the DNA dot blot
assay. We found that OCD4 immunoreacts with purified DNA
preparations and that the reaction is sensitive to nuclease (Fig.
24). We also preabsorbed the OCD4-conjugated beads with
purified DNA before performing the immunocapture assay.
Alternatively, we treated the BHs with nuclease (benzonase)
followed by immunocapture with OQCD4. No PrP was immuno-
captured by OCD4 in the presence of the added DNA. However,
pretreatment of the homogenate with nuclease had no effect on
PrP immunocapture by OCD4, even although, in a control
experiment, the amount of nuclease used was sufficient to digest
the DNA added to the preparation (Fig. 2 B and C). Taken
together, these findings argue that the OCD4 antigen is DNA, or
a DNA-related molecule that is part of a molecular complex with
disease-associated PrPSc. The ineffectiveness of the nuclease
digestion suggests that the DNA present in the DNA-PrPse
complex may be protected from, or inaccessible to, nuclease
digestion while maintaining the capacity to bind OCD4. Nucleic
acid specifically isolated from CJD brain has been reported to
resist nuclease treatment (26). Furthermore, we also observed
that disease-associated PrP5¢ could be specifically isolated with
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Fig. 2. Immunoreactivity of OCD4 toward DNA and effect of DNA and
nuclease on PrP capture by OCD4. (A) Dot blot of DNA probed with OCD4.
(Left) Dot blot containing indicated amounts of purified salmon DNA was
incubated with horseradish peroxidase-conjugated OCD4. (Right) Salmon
sperm DNA was treated with or without nuclease (Nucl, benzonase) at
20 units/ml at 37°C for 1 h before dot blot with horseradish peroxidase-
conjugated OCDA4. Immunoreactivity was visualized by enhanced chemilumi-
nescence. (8) Immunocapture of PrP by OCD4 after incubation with nuclease
and salmon DNA. Scrapie-infected hamster BH (2 ul each) was either un-
treated (control) or treated with benzonase (nuclease) at 100 units/ml, fol-
lowed by incubation with OCD4-conjugated beads. In a separate sample,
purified salmon DNA (5 pg/ml) was preincubated with the OCD4-conjugated
beads at 37°Cfor 1 h before the immunocapture assay (DNA). PrP was detected
by immunoblotting with 3F4. Molecular mass is indicated on the left (in kDa).
(O) Enzymatic digestion of DNA by nuclease. Salmon DNA (5 pg/ml) was
treated with benzonase at 20 units/m! or 2 units/ml at 37°C for 1 h, or was left
untreated. The samples were subjected to 1.0% agarose gel electrophoresis,
with a 1-kb DNA ladder (Sigma) run in paralle! as DNA size standard.

other mADbs raised with different DNA preparations (data not
shown). Alternatively, OCD4 and other mAbs to DNA as well,
might recognize a conformation shared by PrPS and DNA.

The DNA-Binding Protein g5p also Captures PrP5< in a DNA-Dependent
Manner. The DNA-binding protein g5p, encoded by the filamen-
tous bacteriophage Ff and purified from E. coli (21, 22), was
conjugated to magnetic beads. The g5p-conjugated beads were
then incubated with BHs from vCID, sCJID, or normal controls.
Like OCD4, gSp precipitated PrP from vCJD and sCJD brains,
but not from normal control brains (Fig. 34). Moreover, the
amount of the PrP captured by both g5p and OCD4 decreased
in a concentration-dependent manner after the addition of DNA
(Fig. 3B), further arguing that the capture of PrP by OCD4 and
g5p is mediated by, or can be competed with, nucleic acid.

0CD4-Captured PrPsc Is PK-Resistant, and OCD4 Detects PrPsc of
Different Prion Strains in Both Humans and Animals. A major portion
of the PrP captured by OCDA4 is resistant to PK digestion, which
is the biochemical hallmark of PrP5¢ (Fig. 44). Furthermore,
whereas the currently available mAbs to PrP are species-sensitive
because their specificity is derived from a particular PrP se-
quence (14, 16, 27), OCD4 captured all disease-associated PrP5
of different prion strains, which were obtained from various
forms of human prion diseases, including sporadic and {CJD,
GSS, and vCID, as well as naturally occurring and experimen-
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Fig.3. Capture of PrP from sCID, vCID, and normal control brains by g5p. (A)
BH from subjects affected by v€JD and sCJD and from a control subject was
incubated with g5p- or OCD4-conjugated beads, followed by immunoblotting
with 3F4. (B) The g5p- or OCD4-conjugated beads were preincubated with
indicated amounts of salmon DNA, followed by incubation with BH of sCID
and immunoblotting with 3F4.

tally transmitted animal diseases (Fig. 4). These findings further
argue that under nondenaturing conditions, OCD4 captures
disease-associated PrPS¢ but not PrP€. Furthermore, OCD4

PK->¢'-¢\.Y+ -

T
sCJD  sCJD CJD  vCJD Non-CJD

PPSe 1 prpSe2

Bovine Sheep Deer HamsterMouse

Fig. 4. OCDA4 captures disease-associated PrP from various prion-infected
human and animal brains. (A) Immunocapture of PrP by OCD4 from various
human prion diseases. BH (10 ul each) from subjects affected by sCID associ-
ated with PrP5¢ type 1 or PrP5¢ type 2 (28, 29), fCID linked to the E200K
mutation (fCID), and vCID, as well as from a non-CID control, was incubated
with OCD4-conjugated beads. The bound materials were either untreated
(PK-) or treated with PK (PK+) at 50 ug/ml at 37°C for 1 h. PrP was detected
by immunoblotting with 3F4. (8) Immunocapture of PrP by OCD4 from various
animal species. BH (2 ul each) from normal animals and those affected by BSE
(cattle), scrapie (sheep), and CWD (deer), as well as experimental scrapie
adapted in hamster (263 K prion strain) and mouse (ME7 prion strain), was
subjected to immunocapture by OCD4 as described in A. Captured PrP was
detected by immunoblotting with 6H4.
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Fig. 5. Immunocapture of various PK-resistant PrP fragments by OCD4. BH
from subjects affected by sCJD associated with codon 129 MM and type 2 Prpsc
(sCJID MM2; A), fCID with the E200K mutation (fCJD E200K; B), and GSS with
the P102L mutation (GSS P102L; C) was treated with or without PK at 50 ng/mt
at 37°Cfor 1 h. PrP was captured by the OCD4-conjugated beads and was then
detected by immunoblotting with either 3F4 recognizing PrP residues 109-
112 (A and ) or the anti-C Ab against human PrP residues 220-231 (B). Three
groups of PK-resistant PrP fragments were efficiently captured by OCD4 (with
their position on the blots indicated), including the ~19-kDa PrP core frag-
ment spanning residues 97-103 to 231 (bracket; ref. 28), the internal 7- to
8-kDa fragment spanning residues 74-90 to 146153 (dagger; refs. 30-32),
and the C-terminal 12- to 13-kDa fragment spanning residues 154-162 to 231
(asterisk; ref. 33).

must immunoreact with an antigen that is bound to, but distinct
from, PrP, because the OCD4 capture of PrP is independent of
PrP amino acid sequence.

0CD4 Captures all PK-Resistant PrP Fragments Associated with Vari-
ous Human Prion Diseases. To gain insight into the PrP bound to
the putative DNA-containing complex, we took advantage of the
different size of the PK-resistant PrPS¢ core fragments present in
various prion diseases. Immunocapture of PrP by OCD4 was not
affected by pretreatment of homogenates from diseased brains
with PK (Fig. 5). Furthermore, all major PK-resistant fragments
of PrPS were recovered, including the 21- and 19-kDa core
fragment in CJD (PrP5¢ type 1 and 2; Fig. 54) spanning residues
82-97 to 231 (28, 29), which accounts for nearly two-thirds of the
23-231 PrP molecule; an internal 7- to 8-kDa fragment in GSS
(Fig. 5C), including residues 74-90 to 146-153 (30-32), and the
C-terminal 12- to 13-kDa fragment in CJD (Fig. 5B), extending
from residues 154-162 to 231 (33). The cocapture by OCD4 of
all major PrPS¢ fragments generated by PK treatment regardiess
of size argues that most (if not all) of the PK-resistant region of
PrPS¢ is stably bound to the DNA-containing complex and
remains with the complex after PK treatment. It also further
supports the contention that OCD4 is unlikely to react directly
with PrP in the complex because the 7- to 8-kDa internal
fragment and the 12- to 13-kDa C-terminal fragment share no
consensus in sequence, yet they are both efficiently captured by
OCD4.

The Immunocapture of PrPSc by 0CD4 iIs Conformation-Dependent.
Because the protease resistance and other physicochemical
features of PrP5c are thought to depend on protein conforma-
tion, distinct conformers of PrP$¢ have been characterized based
on the extent of the loss in protease resistance as a function of
increased exposure to denaturants (24). We applied such a
conformation-dependent immunoassay to compare the confor-
mational characteristics of the PrP captured by OCD4 with those
of native PrP5 present in the homogenate from the same CID
brain. The decrease of PK resistance with rising concentrations
of GdnHCl took place at a comparable rate for native PrP%- and
OCD4-captured PrP (Fig. 6 A and B), suggesting that PK-
resistant forms of native PrP5- and OCD4-captured PrP have
comparable conformational properties. We then examined the
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Fig. 6. Conformation-dependent immunocapture of disease-associated PrP
by OCDA4. (A) PK resistance of PrP5¢ as a function of GdnHCl concentrations. BH
from CJD was treated with various concentrations of GdnHCI. The GdnHCl-
treated samples were digested with 50 ug/m! PK for 1 h.at 37°C (PK+)
followed by immunoblotting with 3F4. (B) PK resistance of PrP captured by
OCD4 as a function of GdnHCl concentrations. The GdnHCl-treated BH of CJD
was subjected to IP with OCD4, followed by digestion with PK (IP/+PK). PrP
was then detected by immunoblotting with 3F4. (C) Capture of PrP by OCD4
as a function of GdnHCl concentrations. The GdnHC-treated BH of CJD was
subjected to IP with OCD4 without the PK treatment (iP/-PK). PrP was
detected by immunoblotting with 3F4. (D) Comparison of GdnHCl-dependent
loss of PrP in BH of CJD after PK digestion (@), IP with OCD4 followed by PK
digestion (O), and IP with OCD4 without PK digestion (). Intensity of PrP
bands on immunoblots was quantified by densitometry, and the ratio of PrP
in the GdnHCl-treated and untreated samples was plotted as a function of
GdnHCl concentrations. Similar results were obtained in two additional
experiments.

affinity of OCD4 for PrP as a function of GdnHCI treatment.
Decreasing amounts of PrP were recovered by immunocapture
with OCD4 after protein denaturation by increasing concentra-
tions of GdnHCI (Fig. 6C), arguing that the affinity of OCD4 for
PrP is also conformation-dependent. Whether and how the
conformation of the complex and that of PrP are related remain
to be clarified. The report that recombinant PrP carrying a
largely a-helical conformation was converted to an isoform rich
in B-structure after exposure to a DNA sequence is pertinent to
these questions (15). Furthermore, by comparing B and C of Fig.
6, it is obvious that the total PrP captured by OCD4 exceeds that
in the PK-resistant fraction. Densitometry showed that >20% of
PrP was still detectable after treatment with 2.4 M GdnHCI that
renders virtually all PrPS¢ sensitive to PK (Fig. 6C), suggesting
that at least 20% of PrP recovered by OCD4 is PK-sensitive.
Therefore, PrP captured by OCD4 comprises both PK-resistant
and PK-sensitive PrP species as has been reported for PrPSe after
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Fig.7. Recovery of PK-resistant PrP from diluted CJD BH by OCD4 and 3F4.
(A) BH (10%, wt/vol) from a CJD subject was treated with 50 ung/ml PK for
1 h at 37°C. Four aliquots of PK-treated BH ranging from 0.5 to 2.0 ul were
diluted into 1 ml of PBS representing a dilution of 2,000- to 500-fold.
Samples were then subjected to IP with either 3F4 or OCD4, followed by
immunoblotting with 3F4. (B) Comparison of PrP recovered by IP with 3F4
and OCDA4. Signal intensity (arbitrary unit) of PrP on immunoblots was
quantified by densitometry. Compared with 3F4, OCD4 recovered signifi-
cantly higher amounts (11.7 = 5.2 times more) of PK-resistant PrP (P =

Dilution (folds) 1:2,000 1:1,000 1:500

0.004; Welch's t test).

a conformation-dependent assay and other analyses (25, 34).
Taken together, the similarity in gel migration pattern and in the
conformation dependence of the PK resistance, as well as the
presence of both PK-sensitive and -resistant components, argue
that PrP captured by OCD4 and native PrPS¢ are the same,

0CD4 Possesses High Affinity to PrPs<, The specificity of OCD4 to
disease-associated PrP makes it potentially a suitable reagent to
detect small concentrations of infectious PrP that may be present
in body fluids and peripheral organs. In a crude affinity assay,
small amounts of PK-treated homogenate from a CJD brain
were diluted in large volume and PrP was then captured with
either OCD4 or the commercially available mAb 3F4 (Fig. 74).
In four dilutions between 500- and 2,000-fold, OCD4, on aver-
age, detected the PK-resistant PrP >10-fold more efficiently
than did 3F4 (11.7- + 5.2-fold more; P = 0.004, Welch’s ¢ test;
Fig. 7B). Because OCD4 was also observed to have a better
capture efficiency for PrPS¢ than another anti-PrP Ab, 6H4 (Fig.
1), the above findings suggest that OCD4 is indeed a high-affinity
PrPS¢ capture reagent.
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Discussion

In this study we observed, for the first time, to our knowledge,
that the mAb to DNA OCD4 and the single-stranded DNA-
binding protein g5p can capture PrPS but not PrPC, These
findings suggest that the capture of PrPS¢ by OCD4 and g5p
depends on nucleic acid and that PrPS forms a complex with
nucleic acid. The sequence of the nucleic acid associated with
PrPS¢, and whether the PrPSc-nucleic acid complexes are present
in vivo as previously suggested (26, 35-38), or form only in the
homogenized tissue, remain to be determined.

Several recent studies (39, 40) have reported the generation of
conformation-dependent mAbs that react with disease-related
amyloid proteins. The Abs described by O’Nuallain and Wetzel
(39) react with a variety of amyloid fibrils made of different
proteins but not with their respective precursor proteins. Kayed
et al.(40) also observed a polyclonal Ab that recognizes soluble
amyloid oligomers of the amyloid B peptides associated with
Alzheimer’s disease (but not amyloid fibrils) as well as with
soluble oligomeric aggregates formed by other disease-related
proteins (40). It has been proposed that these Abs recognize a
conformation shared by amyloid fibrils or soluble amyloid
oligomers regardless of their primary structure (39, 40). These
reports raise an alternative possibility that OCD4 is also a
conformational Ab that recognizes a conformation shared by
PrPS¢ and DNA. Both DNA and amyloids contain repeat struc-
tures that might result in a conformation that binds OCD4
despite the different nature of the core molecules (39). Future
tests are warranted to resolve these possibilities. There is also a
recent paper from Paramithiotis et al. (41) that polyclonal Abs
and mAbs directed against the PrP repeat motif Tyr-Tyr-Arg
specifically react with PrP5¢ apparently in a non-DNA-
dependent fashion.

The mAb OCD4 is remarkable in several respects. First, it
captures the abnormal PrP associated with prion diseases with a
high level of specificity and affinity while not recognizing PrP¢
at all. Second, it detects both protease-sensitive and protease-
resistant species of prion disease-associated PrP. Third, it sug-
gests that both species of abnormal PrP form a complex that
includes DNA or DNA-related molecules. Fourth, because
several other Abs to DNA preparations also capture the disease-
associated PrP and they are easy to produce, OCD4 is likely to
be the.first of many novel prion-specific reagents. Abs to DNA
may help develop new strategies for the study, detection, and
treatment of prion diseases.
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